One of the best discriminators for the fertilization potential of human spermatozoa is sperm morphology. The problem in the assessment of the sperm morphological characteristics is their pleiomorphism. Examination of spermatozoa with the light microscope can provide only limited information on their internal structure. More detailed examination of sperm structure using electron microscopy can reveal major, often unsuspected ultrastructural abnormalities. Results and cut-off values for sperm analysis depend on the criteria for normal morphology. World Health Organization recommendations provide a classification suitable for clinical practice. Clinically reliable cut-off limits for normal sperm morphology according to strict Tygerberg criteria were suggested to be 4% in in-vitro fertilization procedures. Patients with severe sperm head abnormalities have a lower chance of establishing successful pregnancies, even though fertilization may be achieved. The outcome of intracytoplasmic sperm injection is not related to any of the standard semen parameters or to sperm morphology. Sperm decondensation defects and DNA anomalies may be underlying factors for the unrecognized derangements of the fertilizing capacity of spermatozoa, regardless of sperm morphology. Centrosome dysfunction may also represent a class of sperm defects that cannot be overcome simply by the insertion of a spermatozoon into the ooplasm. In this article an overview on the composition and ultrastructure of spermatozoa is presented, while emphasizing sperm ultrastructural and sperm DNA anomalies and their effects on fertilization.
Introduction
A comprehensive high quality semen analysis is an essential first line investigation for the infertile couple. Semen quality is conventionally determined according to the number, motility and morphology of spermatozoa in an ejaculate. Of all semen parameters, sperm morphology turns out to be the best predictor of a man's fertilizing potential (Bostofte et al, 1982; Rogers et al, 1983; Kruger et al, 1986 Kruger et al, , 1988 Chan et al, 1989; Enginsu et al, 1991; Ombelet et al, 1994 Ombelet et al, ,1997a Wichmann et al, 1994; Eggert-Kruse et al, 1996) A link has been established between sperm morphological characteristics and infertility by many investigators.
The present article provides an up-to-date review of the ultrastructural abnormalities of spermatozoa and the relationships between spermatozoa with abnormal morphology and the outcome of fertilization in vivo and in assisted reproductive technologies.
Composition and ultrastructure of the spermatozoon
The sperm cell is composed of head, neck, mid-piece and tail. The sperm plasma membrane covers the head and runs to the tip of the tail. The major part of the head is occupied by a dense compact nucleus containing highly condensed paternal DNA which is capped by an acrosome and the plasma membrane. The acrosome is divided into a cap region and an equatorial region and consists of inner and outer acrosome membranes within which is the acrosomal matrix. The acrosome is a Golgi-derived organelle covering more than two-thirds of the sperm nucleus. Its membranes contain hydrolytic enzymes which play an essential role during the acrosome reaction and oocyte penetration. Below the acrosome is the post-acrosomal segment of the head where sperm egg membrane fusion usually occurs. The acrosome reaction usually takes place by vesiculation of surface membranes when multiple fusions occur between the plasma membrane and the outer acrosome membrane.
The major components of the neck are the connecting piece just behind the nucleus and the proximal centriole which consists of nine triplet microtubules (i.e. the sperm centriole has 9+0 organization of microtubules), forming a circle with dense material within the circle and outside the centriole, called the sperm centrosome or peri-centriolar material. Segmented columns surround the proximal centriole on either side. The centriole is, after the nucleus, the most important sperm organelle for initiation of the intra-ooplasmic fertilization process, being responsible for the formation of the sperm aster .
The sperm mid-piece is the driving force of the spermatozoon and consists of a central axoneme consisting of microtubules extending from the proximal centriole to the distal tip of the tail. The microtubules of the axonemal complex are arranged in a characteristic pattern 9 + 2, i.e. nine sets of double microtubules at the periphery surrounding two single microtubules in the centre. Outside the peripheral doublets are nine dense fibres. Cranially, these fibres fuse with the connecting piece. The fibres facilitate sperm movement, mediated by protein phosphorylation (Tash and Means, 1983) , and serve as a protector against damage during sperm transit through the male and female reproductive tracts. The movement of the tail is mediated through action of the dynein arms, resulting in sliding of the axonemal microtubules alongside one another. In the mid-piece, axoneme and outer dense fibres are ensheathed by mitochondria which are helically organized in 11-13 gyres (Zamboni et al., 1971) . Flagellar motility requires ATP, which originates from the mid-piece mitochondria and is hydrolysed by ATPase of the dynein arms in the presence of magnesium. A cytoplasmic droplet apparently indicates immature spermatozoa. The mid-piece ends with a thickening of the plasmalemma, the annulus.
The tail consists of a principle piece and the terminal piece or end-piece. The proximal region of the principle piece has a dense fibrous sheath and seven dense fibres surrounding the axoneme. The fibres become reduced in thickness and in number in a distal direction throughout the principle piece. The terminal piece begins at the end of the fibrous sheath of the principal piece. In the proximal part of the terminal piece the double tubules of axoneme remain in typical arrangement. In the distal part of the terminal piece the 9 + 2 order of the axoneme disappears and the tubules form a single bundle without distinct organization (Pedersen 1970) .
Ultrastructural abnormalities of spermatozoa
Light microscopy can reveal major abnormalities of the spermatozoon aberrations in head shape and gross morphology of the mid-piece and tail may be visualised. Nowadays, electron microscopic investigations can augment light microscopic findings. Transmission electron microscopy permits useful evaluation of cytological details and should ideally be the method of choice for investigation of fertility disturbances (Bisson and Escalier, 1978 ). An in-depth evaluation of the quality of semen using transmission electron microscopy can improve the diagnosis of male subfertility and provide substantial information about the fertilizing competence of spermatozoa.
Ultrastructural abnormalities of the sperm head
Among the anomalies affecting sperm organelles, head defects are especially common. These include double-head forms, tapering forms, amorphous forms, elongated heads and acrosome defects. The main structural acrosome defects are partial lack of acrosome, complete lack of acrosome, intra-organellar inclusions, degeneration and hypoplasia of the acrosome (Kiipker et al., 1998) . Disorganization of the acrosomal membrane often leads to a change of the nuclear shape. Inclusions are characterized by the presence of pleiomorphic structures within the organelle. These structures probably originate as remnants of Golgi elements. These structural abnormalities are assumed to be associated with inability of the spermatozoon to undergo the acrosome reaction or to penetrate the zona pellucida. Complete lack of the acrosome changes the nuclear shape, resulting in the characteristic round sperm head. Globozoospermia or round-headed sperm syndrome is rare and the spermatozoa are motile, lack acrosome and postacrosomal 49 sheath and have anomalous mid-pieces and mitochondria. Globozoospermia is suspected to be inherited as a genetic defect (Florke-Gerloff et aL, 1984) . Globozoospermia is the only pathological condition of sperm morphology that is associated with markedly reduced success after intracytoplasmic sperm injection (ICSI), even though the karyotypes of these spermatozoa appear to be normal (Rybouchkin et aL, 1996) .
Sperm head defects may be markers for other sperm defects that significantly impair fertility. Sperm nucleus defects have been associated with infertility (Zamboni, 1987) . A nuclear defect may explain the apparent failure of the inseminated oocytes to continue to develop owing to the absence of spermderived factors which appear to be involved in the developmental progression of the penetrated oocyte, and which are released into the ooplasm during nuclear expansion and DNA decondensation (Dozortsev et aL, 1995) .
A failure of the conventional semen parameters to predict fertilization indicates that patients with male factor infertility possess hidden anomalies in the composition of their sperm nuclei, displaying higher levels of loosely packaged chromatin and damaged DNA (Evenson et aL, 1980; Bianchi et aL, 1996) . Structural abnormalities of the nucleus include incomplete or impaired chromatin condensation and nuclear vacuoles and inclusions. These defects often occur in association with alterations in the structure of the acrosome. Karyolytic changes or the presence of large intranuclear lacunae or vacuoles are the morphological manifestations of underlying biochemical alterations. It is possible that abnormal sperm head morphology reflects abnormality in spermatogenesis that is manifested by embryos with a low potential for establishing a normal pregnancy (Tasdemir et aL, 1997) .
Sperm DNA anomalies
During the late stages of spermiogenesis, elongation and progressive condensation of the chromatin takes place, which, with simultaneous acrosome attachment, results in the typical shape of the sperm head. Chromatin condensation is associated with biochemical changes such as replacement of histones which bind to DNA, first by transition proteins and then by arginine-rich protamines and the formation of chromatin-stabilizing disulphide bonds (Zamboni, 1987; Green et aL, 1994) . Ward and Coffey (1991) suggest that the protamines bind in the minor groove of the DNA helix and this protamine-DNA complex fits into the major groove of an adjacent strand, forming a tightly packed array (Ward and Coffey, 1991) . This process results in a smaller sperm cell which requires less energy to support motility. The high degree of chromatin aggregation protects the mature spermatozoon against physical and chemical damage. It is only within the ooplasm of an activated oocyte that the sperm chromatin becomes decondensed as a result of the cleavage of disulphide bonds and the substitution of protamines by oocyte-derived histones (Longo, 1985) . Due to the tight packaging afforded by the protamines, any modification or absence of these proteins could lead to an anomaly in the packaging process of sperm nuclei and influence sperm quality and fertilizing capacity. One of the major factors leading to chromatin packaging problems in ejaculated human spermatozoa could be faulty protamine deposition during spermatogenesis. An association between abnormal sperm chromatin packaging and the presence of DNA strand breaks has been shown to exist and it has been postulated that these anomalies may arise due to faults in the mechanisms that package and protect the sperm chromatin during spermatogenesis (Manicardi et ah, 1995; Sailer et al., 1995) . Spermatozoa with incomplete chromatin condensation apparently more often display single-stranded rather than double-stranded DNA (Pedersen, 1987) or possess chromosomal abnormalities (Abramsson et al., 1982) . A number of studies have shown that spermatozoa with abnormal nuclear chromatin organization are more frequent in infertile men than in fertile men (Evenson et al, 1980; Foresta et al., 1992) . Alterations in sperm chromatin might result in defective decondensation and DNA activation during fertilization, leading to a delay in the formation of the male pronucleus and/or the first division. One consequence of this might be early embryonic wastage or poor embryonic development (Hamamah et al., 1997) .
The accessibility of specific dyes and fluorochrome to DNA can give clues to the packaging of the chromatin which occurs during spermiogenesis. Methods used to evaluate sperm chromatin structure include staining for histones with Aniline Blue (Haidl and Schill, 1994) , staining of human semen samples with Acridine Orange based on the amount of denatured DNA in spermatozoa (Evenson et al., 1980; Claassens et al, 1992) and Chromomycin A 3 (CMA 3 ) staining, which provides evidence of poor chromatin packaging in spermatozoa and allows indirect visualization of protamine-deficiency (Bianchi et al., 1993) . Bianchi et al. (1996) investigated the association between anomalies in sperm chromatin packaging, morphology and fertilization in patients undergoing routine in-vitro fertilization (IVF) or subzonal insemination (SUZI) using CMA 3 , a fluorochrome specific for guanine-cytosine rich sequences of DNA . They suggested that lower packaging quality in morphologically normal spermatozoa may represent a major limiting factor in the fertilizing ability of male factor patients. They found that a high percentage of CMA 3 positivity was present in certain forms of male factor infertility and that such a test may be used to distinguish separate populations among morphologically normal spermatozoa. Sakkas et al. (1996) , investigated whether morphology and chromatin anomalies in human spermatozoa can influence fertilization after ICSI. They examined unfertilized oocytes and assessed sperm chromatin packaging using the CMA 3 fluorochrome (Sakkas et al., 1996) . Although they did not postulate that the failure of fertilization is entirely due to sperm defects, it seems likely that poor chromatin packaging and/or damaged DNA may contribute to failure of sperm decondensation after ICSI and to a resultant failure of fertilization.
The quality of sperm chromatin (DNA) is an important factor in the fertilization process and is especially critical where one spermatozoon is artificially selected for fertilizing an oocyte, as occurs in the case of ICSI. To evaluate the chromatin quality in human samples, Golan et al. (1997) used flow cytometry after staining of human spermatozoa with Acridine Orange to evaluate chromatin quality in 51 semen samples (Golan et al., 1997) . They found that this technique provided a quantitative assessment of chromatin condensation in spermatozoa, and also showed that the swim-up and Percoll gradient centrifugation methods improve the percentage of spermatozoa with normal chromatin structure in some samples with poor initial quality.
According to the available data, sperm decondensation defects and DNA anomalies may result in unrecognized dearrengement of the spermatozoa, regardless of sperm morphology which is known to influence the fertilization. Consequently, in cases of severe male factor infertility, studies of sperm DNA status are warranted.
Ultrastructural abnormalities of the mid-piece
As in most mammals, human centrioles and centrosomes are inherited paternally (Sathananthan et al., 1991; Schatten, 1994) . Sperm centrosomes play a central role in the creation of the first and subsequent embryonic mitotic spindles . After sperm penetration, the centrosome nucleates microtubules to form a sperm-derived aster, and microtubules appear to play an important role in bringing the male and female pronuclei into close apposition (Navara et al., 1994) , and they may also serve to establish the specific alignment of the pronuclear membranes required for syngamy . Because the microtubules formed from the sperm centrosome function both in the early stages of human fertilization and in the establishment of the first mitotic spindle , centrosomal defects have been indicated as potential causes of fertilization failure and developmental arrest at the pronuclear stage, and have been related to subfertility in humans (Schatten, 1994; .
Centrosome dysfunction may represent a new class of sperm defects associated with human early developmental failure (Van Blerkom, 1996) . Such centrosomal defects probably account for a small proportion of male infertility cases. The extent to which centrosomal defects contribute to idiopathic male infertility will require the analysis of centrosomal function and biochemistry in both normal and infertile men, and in particular, those whose spermatozoa fail to function even after intracytoplasmic deposition into an otherwise developmentally competent ooplasm (Van Blerkom, 1996) . If centrosomal defects are a cause of male infertility, then this type of infertility cannot be overcome simply by the insertion of a spermatozoon into the ooplasm ( Ash et al., 1995; Simerly et al, 1995; Van Blerkom, 1996) .
Ultrastructural abnormalities of the tail
A variety of axonemal defects have been documented in patients with absent or impaired sperm motility. Axonemal anomalies consist of numerical or positional anomalies of the microtubules and/or absence of the inner or outer dynein arms. Complete absence of the dynein arms is associated with immotile spermatozoa (Eliasson et al., 1977) , whereas absence of only the outer dynein arms is not accompanied by total immotility (Escalier and David, 1984) .
The subpopulation of patients with immotile-cilia syndrome is very heterogeneous and occasionally the defect does not affect 100% of the spermatozoa (Johnson et al., 1982) . Afzelius and Eliasson (1979) reported on patients with various sperm cilia disturbances and suggested a genetic cause of the immotile cilia syndrome. Tail stump syndrome is extremely rare and is caused by a dysfunction of the latest stages of spermiogenesis, and affects spermatids and spermatozoa equally (Barthelemy et al., 1989) . Tail stump syndrome is characterized by flagella organized as uniflagellates and with extremely short axonemes with a 9+2 or a 9+0 arrangement, generally with dynein arms (Baccetti et al., 1993) . In short tail syndrome there is a biflagellate arrangement, with 9+0 or 9+1 axonemes and a lack of dynein arms. In both syndromes, spermatozoa usually show unaffected sperm heads but unassembled mitochondria (Stalf et al., 1995) . The purest clinical syndrome is that described by Kartagener (1933) where patients present with 100% immotile but vital spermatozoa in normal number and with normal morphology according to light microscopy, with reccurrent sinusitis and bronchiectasis and situs inverus (Kartagener, 1933) . The lack of dynein arms or nexin links in Kartagener's syndrome impairs sliding movements between tubules along the tail so that spermatozoa are immobile.
Periaxonemal anomalies involve dense fibre (abnormal position or size) and mitochondrial sheath anomalies as well as cytoplasmic remnants for the midpiece, and dense fibres, longitudinal columns (abnormal position or size), and fibrous sheath anomalies for the principal piece (Courtade et al., 1998) . Disorganization of the mitochondrial sheath or its complete absence may impair motility due to the lack of ATP synthesis. Mitochondria are essential to cell metabolism and lack of their ATP production can cause sperm degeneration (Kiipker et al., 1998) . Anomalies of the periaxonemal structures have been associated with defects of the axonemal complex in patients with severe or total asthenozoospermia (Escalier and David, 1984; Chemes et al., 1987) . Isolated anomalies of the periaxonemal elements are related to motility disturbances through a flagellar dyskinesia that recently has been termed 'periaxonemal flagellar dyskinesia' (David et al., 1993) .
In patients with persistent unexplained asthenozoospermia, the frequent association of periaxonemal anomalies with axonemal deficiencies strongly suggests that axonemal deficiencies are not the only cause of decreased motility (Courtade et al., 1998) . Such anomalies are frequently associated with defects in the components of the periaxonemal structures and the sperm head. Thus, transmission electron microscopy analysis should include the entire spermatozoon and not only the axoneme (Courtade et al., 1998) .
Another serious defect is the separation of the flagellum from the head (headless spermatozoon). This 'pin-head' defect is assumed to be genetically inherited (Zaneveld and Polakowski, 1977) . Instead of the nucleus, a globular cytoplasmic mass surrounding the proximal segments of the decapitated flagellum may be misinterpreted as microcephalic spermatozoa under light microscopy.
Morphological classification of spermatozoa
Human spermatozoa show a great variation in size and structure compared to other mammals. Normal fertile ejaculates contain spermatozoa exhibiting considerable variations not only in the size and shape of the head and the acrosome, but also in the degree of nuclear vacuolation, size of persisting cytoplasmic droplets, mid-piece disturbances and tail abnormalities (Ombelet et al., 1995) .
Around the turn of the last century various authors (Jensen, 1879; Ballowitz, 1886; Retzius, 1902; Branca, 1924 ) and others described not only normal but also abnormal spermatozoa in detailed drawings. There were as many different interpretations of sperm morphology as there were authors to describe them. All the authors agreed that there was a definite relationship between abnormal sperm morphology and male subfertility but there was no agreement as to what constituted an abnormal spermatozoon.
It is difficult to establish the criteria for normality and abnormality of a spermatozoon. Various important attempts have been made to standardize criteria for sperm morphology (MacLeod and Gold, 1951; Freud, 1966; Eliasson, 1971; David et al, 1975) . The first World Health Organization (WHO) classification (1980) was an important breakthrough of sperm morphology assessment. Hofmann and Haider (1985) reported another system for sperm morphology assesment known as the Diisseldorf classification (Hofmann and Haider, 1985) . In this classification system, more emphasis is placed on elongation of spermatozoa and acrosome defects. The second WHO manual (1987) revised the guidelines for semen analysis.
Kruger and Menkveld (Kruger et al., 1986 (Kruger et al., , 1988 Menkveld, 1987; Menkveld et al., 1990) introduced the strict Tygerberg criteria for the assessment of sperm morphology. In this classification the whole spermatozoon is taken into account for assessment and all borderline and slighty abnormal head forms are considered as abnormal. According to the strict Tygerberg criteria, morphological assessment results can be divided into three predictive categories: normal morphology group (>14% normal forms), good prognosis group (4-14% normal forms) and the poor prognosis group (<4% normal forms) (Kruger et al., 1988) .
In the third WHO manual (1992), much more attention was given to sperm morphology assessment. Besides the morphologically normal group, four classes of abnormalities were described and a teratozoospermia index was calculated. Specific sterilizing defects such as globozoospermia syndrome should be mentioned. The cut-off value for normality changed from 50% (WHO 1987) to 30% morphologically normal spermatozoa (WHO 1992) (Table I) .
Abnormal sperm morphology and fertilization in vivo
Semen analysis continues to be the most important tool for the evaluation of male fertility potential. The assessment of sperm morphology, one of the three Modified from Ombelet et al. (1995) most important parameters (concentration and motility being the other two) seems to be a good predictor for fertility in vivo. A detailed analysis has been carried out of semen quality in 85 couples with unexplained inferility by using conventional criteria, time-exposure photomicrography and the zona-free hamster egg penetration test (Aitken et al., 1982) . Of the conventional semen parameters examined, the most revealing was the morphological character of the spermatozoa, which was significantly poorer in the group with unexplained infertility than in the normal fertile control group. There seems to be a significant relationship between an increasing number of abnormal spermatozoa in sperm analysis and both a decreasing probability of producing living children and an increasing time interval to the first pregnancy (Bostofte et al., 1982) but no relationship to abortions and pathological pregnancies. Rogers et al. (1983) conducted routine semen analysis and histological staining for sperm morphology, on semen samples from 95 men who were classified into fertile and infertile groups (Rogers et al., 1983) . The semen analysis parameters of the fertile and infertile groups were significantly different. As a single parameter, decreased number of normal forms appeared to be a good indicator for clinical infertility if IVF testing was not available. A study (Zaini et al., 1985) did not find any significant differences between fertile and infertile men regarding sperm morphology classification and sperm motility (WHO, 1980) . Their results indicated that sperm morphology as currently assessed may not be important in predicting fertility in subfertile men. In another study (Van Zyl et al., 1990) in-vivo conception rates of 11.5% with <4% morphologically normal spermatozoa and 21.5% for a group of men with 4-9% normal spermatozoa was reported, with an overall mean pregnancy rate of 19.1%. Check et al. (1992) classified severely impaired male fertility potential by a result of =£4% spermatozoa with normal morphology, and scores >14% indicated normal fertilization potential (Check et al, 1992) . They did not find any predictive value regarding the in-vivo conception rate using the strict Tygerberg criteria. A further study (Haidl and Schill, 1993 ) assessed sperm morphology in 78 fertile men according to the Diisseldorf classification. There were 30% normal forms on average, which conforms with the WHO (1992) guidelines. This differs from the strict criteria of the Tygerberg group, probably because these criteria were established under in-vitro conditions.
A prospective follow-up study on 907 infertile men (Wichmann et al., 1994) found sperm morphology using the WHO (1980) classification, to be an independent predictor of the fertilization outcome. On the other hand, others could not put forward any sperm characteristic, including sperm morphology, as a sole predictor of male fertility status (Bartoov et al., 1993) . Nevertheless two recent studies have pointed to the importance of the evaluation of sperm morphology using strict criteria for the assessment of in-vivo conception probability and of a man's fertilizing potential during basic infertility investigations (Eggert- Kruse et al., 1996; Ombelet et al., 1997a) . Of note, however, was a naturally differing cut off value for normality from those proposed by the WHO (1992).
In conclusion, most of the above studies lead to the conclusion that sperm morphology is the most significant predictor of in-vivo fertilization.
Abnormal sperm morphology and intrauterine insemination (IUI)
The results after IUI treatment for male infertility differ tremendously between the various centres. Poor results have been described when IUI was performed in natural cycles for male subfertility indications (Glass and Ericsonn, 1978; Marrs et al., 1983; Confino et al, 1986; Kirby et al., 1991) although two studies have shown pregnancy rates per cycle of 16 and 21% after IUI in patients with poor semen quality (Kerin et al., 1984; Byrd et al., 1987) . For a better cycle outcome IUI should be coupled with ovarian stimulation (Sher et al., 1984; Blumenfeld and Nahhas, 1989; Tarlatzis et al., 1991; Irianni et al, 1993) .
In a review of 1100 IUI treatment cycles, Ombelet et al. (1996) found a significant difference in cycle fecundity comparing the 'poor-prognosis' (<5% normal forms using the Tygerberg strict criteria) with the 'good-prognosis' group (5-8% normal forms) (Ombelet et al, 1996) . Various studies emphasize the value of sperm morphology for the prediction of the outcome of IUI (Comhaire et al, 1994; Toner et al, 1994; Burr et al, 1996) . With a total motile sperm count of <1X1O 6 for insemination, sperm morphology becomes a very useful predictive tool for the outcome of IUI (Ombelet et al, 1997b) .
Influence of sperm preparation techniques on sperm morphology
Methods of sperm preparation which improve the proportion of spermatozoa with normal morphology, normal intact acrosomes, velocity and linearity should achieve better results in assisted reproductive technology. While various methods of sperm preparation have been developed over the years, the most popular are the swim-up procedure, the discontinuous Percoll gradient method and the miniPercoll gradient technique.
Spermatozoa are sensitive to oxidative damage, and it has been demonstrated that centrifugal pelleting of unselected sperm populations from human ejaculates causes the production of reactive oxygen species (ROS) within the pellet which induce irreversible damage in the spermatozoa (Aitkin and Clarkson, 1987) . The effect of ROS on the pathophysiology of human sperm function has been emphasized in recent years. Oxidative stress is thought to be associated with male infertlitiy (Alvarez et al, 1987; Aitken et al., 1989 Aitken et al., , 1991 Aitken et al., , 1993 De Lamirande and Gagnon, 1992) . The two major sources of ROS in semen preparations are leukocytes and spermatozoa (Aitken and Clarkson, 1987; Aitken and West, 1990; Iwasaki and Gagnon, 1992; Kessopoulou et al., 1992; Zini et al., 1993) . Oligozoospermic patients tend to have high ROS production by spermatozoa (Aitken et al., 1989) and oligozoospermic samples should be spun gently during the swim-up procedure, since abnormal spermatozoa may otherwise release ROS that can damage normal spermatozoa (Edwards and Brody, 1995) . Sperm preparation with a discontinuous Percoll gradient reduces the production of ROS caused by lipid peroxidation (Edwards and Brody, 1995) .
Regarding recovery of spermatozoa with normal morphology, most studies comparing the swim-up method and Percoll gradient centrifugation favoured the swim-up technique, which remains the method most commonly used by IVF laboratories. Although Percoll and mini-Percoll result in greater yields of motile spermatozoa than the swim-up preparation, the swim-up procedure selects higher proportions of spermatozoa with improved characteristics (velocity, intact acrosomes and normal morphology) which relate to fertilization rates in vitro (Ng et al., 1992) , The swim-up method should remain the standard choice, particularly for a sample which is likely to yield a sufficient number of motile spermatozoa for insemination, because of its simplicity and also because it yields spermatozoa of high quality. Another option is the sequential mini-Percoll and swim-up preparation which improves yields of high quality spermatozoa from some abnormal semen samples and therefore has potential for improving fertilization rates (Ng et al., 1992) . The small volume (mini-Percoll) gradient is thought to be the best technique for sperm preparation in IVF for oligozoospermic samples by some investigators (Ord et al., 1990; Calderon et al., 1991) .
In terms of the clinical results for IVF, swim-up and Percoll preparation of fresh semen do not differ. Some studies report a greater improvement in morphology after swim-up (Englert et al., 1992) while others reported a better morphology after Percoll preparation (Van der Zwalmen et al., 1991) . These differences can be explained either by the lack of uniformity in the Percoll gradient Table II . Comparative recovery of morphological normal spermatozoa using glass wool filtration (GWF) or GWF and swim-up preparation in patient group with >10% and <10% morphologically normal spermatozoa in native semen. preparation technique, or by the classification used to describe morphology. It is probable that there are also differences in the populations of semen anomalies selected for IVF. The double-wash swim-up preparation for IVF substantially improves the recovery of spermatozoa with normal morphology according to the strict Tygerberg criteria, and the benefit is most substantial in patients with abnormal sperm samples (Scott et al., 1989) , while others (Chan et al., 1991) suggested that the multiple-tube swim-up method is effective for the separation of spermatozoa from normozoospermic semen samples for use in infertility treatment. Al-Hasani et al. (1996) , in a prospective study, examined the sperm quality, especially sperm morphology, and the outcome of IVF results, when glass wool filtration (GWF) and swim-up were used in combination for the preparation of spermatozoa. GWF was compared with GWF/swim-up by using aliquots from the same semen samples. They found that GWF alone did not produce significantly better results but, in combination with swim-up, it resulted in significantly better recovery of spermatozoa with normal sperm morphology (Table II) and in an improved outcome of IVF -embryo transfer for fresh semen samples with >10% morphologically normal spermatozoa.
To conclude, despite some contradictory results, most studies favoured the swim-up technique for recovery of spermatozoa with normal morphology.
Abnormal sperm morphology and fertilization in vitro (IVF)
Regarding IVF, numerous studies have been published emphasizing the importance of sperm morphology as a predictor for men's fertilizing potential in vitro. The first studies used a variety of criteria for sperm morphology, including those of the WHO (1980 WHO ( , 1987 . The most recent studies almost all used the strict Tygerberg criteria.
The first description of an association between sperm morphology abnormalities and poor reproductive potential in vitro was made in 1984 (Yovich and Stanger, 1984) . They reported a normal fertilization rate but a significant delay in reaching the pronuclear stage for the abnormal morphology group (WHO, 1980) . The study group was small, however, including only 10 patients.
In some studies sperm morphology was reported to be of no value in predicting fertilization in IVF, or to be of minimal value in predicting IVF success (Alper et al, 1985; Jeyendran et al, 1986; Hirsch et al, 1986; Talbert et al, 1987; Rosenborg et al, 1990) . In other studies, sperm morphology was reported to be the best sole predictor regarding fertilizing capacity of a semen sample and the outcome of IVF (Kruger et al, 1986 (Kruger et al, , 1988 (Kruger et al, , 1990 Acosta et al, 1988; Chan et al, 1988; Scot et al, 1989; Hinting et al, 1990; Enginsu et al, 1991; Kobayashi et al, 1991; De Geyter et al, 1992; Duncan et al, 1993) . Possibly the main reason for the conflicting results described in the above mentioned studies is a high level of variation in the estimation of sperm morphology using a variety of morphological criteria, either similar to those recommended by the WHO (WHO 1980 (WHO , 1987 or not. The use of very strict Tygerberg criteria, as introduced by Kruger and Menkveld (Kruger et al, 1986 (Kruger et al, , 1987 (Kruger et al, , 1988 Menkveld et al, 1990; WHO, 1992 ) may result in a reliable and reproducible method for assessing sperm morphology, with a good predictive value in assisted reproduction (Enginsu et al, 1991 (Enginsu et al, , 1992 . Abnormal sperm morphology at the time of IVF impairs both the fertilization rate and the overall reproductive potential. Even though fertilization may be achieved by corrective measures (increasing insemination concentration), severe teratozoospermia also predisposes to a higher abortion rate (Oehinger et al, 1988) . Severe sperm head abnormalities have a lower ability to establish successful pregnancies following IVF . Enginsu et al. (1991) showed that evaluation of sperm morphology according to strict Tygerberg criteria is more effective in predicting fertilization than evaluation according to WHO criteria. They demonstrated that the method of evaluating sperm morphology based on very strict criteria allows a more accurate prediction of the chance of fertilization in vitro.
With spermatozoa having morphological impairment but of sufficient quality that they can sometimes penetrate the zona and achieve fertilization, a problem of delayed fertilization and poor embryonic development is evident (Ron-El et al, 1991) . The strict criteria for evaluation of human sperm morphology plays an important role in predicting IVF results, and concentration of progressively motile spermatozoa can be an optional method (Enginsu et al, 1992) . Earlier studies in IVF patients suggested an association between abnormal sperm morphology; especially sperm head abnormalities of the postacrosomal region, and poor embryo morphology (Perinaud et al, 1993) . Similar associations were shown for lower implantation and ongoing pregnancy rates after increasing the sperm concentrations for IVF in severely teratozoospermic patients . It is evident that a morphological evaluation using very strict criteria not only predicts the rate of fertilization in vitro but also the conception rate in individual couples accepted into an IVF programme (Ombelet et al, 1994) .
Both sperm motility parameters and percentage normal morphology determined with the strict criteria are significant factors in predicting fertilization and pregnancy rates in IVF (Donnelly et al, 1998) , while sperm morphology can be used as a determining factor in performing IVF or ICSI in a given borderline semen sample (Sallam et al, 1998) .
The deleterious effect of teratozoospermia on both fertilization rate and pregnancy rate per cycle after IVF-embryo transfer has been established in the above studies. However, Robinson et al. (1994) , in a retrospective analysis of 2144 consecutive IVF/embryo transfer treatment cycles, examined the effect of the strict classification of sperm morphology on the outcome of IVF and embryo transfer. They found no statistically significant difference between the patient with >14% normal forms and patients with ^4 % and =^14% normal forms with regard to the percentage of patients achieving the normalized median fertilization rate or higher. There was a statistically significantly lower chance of achieving this rate in patients with <4% normal forms, but still 68.6% did achieve that fertilization rate or higher. The majority of patients achieved the normalized median fertilization rate even with <4% morphology, as long as sperm concentration and motility were within the normal range. However, these different conclusions may result from differences in staining techniques, sperm preparation protocols and morphological classification systems.
To conclude, sperm morphology is the most significant determining factor in predicting the outcome of an IVF cycle in cases of teratozoospermia, and a cutoff value of 4% normal morphology, using the strict criteria, has been suggested for IVF cycles to maximize the chances of achieving a high fertilization and pregnancy rate.
Abnormal sperm morphology and intracytoplasmic sperm injection (ICSI)
The major breakthrough in the treatment of male infertility was the introduction of ICSI because it enabled patients with previous IVF failure and patients with extremely impaired semen parameters to achieve fertilization and pregnancy (Palermo et al., 1992) . Thus, with ICSI, the presence of only a few barely motile spermatozoa in a semen sample is all that is required for fertilization because ICSI bypasses the natural selection process when severe sperm abnormalities are present (Van Steirteghem et al., 1993) . Palermo et al. (1993) reported that none of the individual sperm parameters, such as concentration, progressive motility or morphology, was associated with the outcome of ICSI. It seems that no significant difference in fertilization and pregnancy rates after ICSI is present in patients with severe teratozoospermia as compared with less severe forms of male infertility Mansour et al., 1995) . Spermatozoa from the most severe cases of oligoasthenoteratozoospermia (OAT) produce the same pregnancy rates as those from mild cases of male factor infertility which were no different from those produced by spermatozoa from men with normal sperm undergoing conventional IVF (Nagy et al., 1995) . It appears that neither the most severe morphological defect, nor the most severe motility defect, nor the tiniest number of spermatozoa in the ejaculate have any negative effect on the pregnancy rate with ICSI. Fertilization failure with ICSI results not from the most severe morphological defect of the spermatozoa but rather from either poor oocyte quality or sperm non-viability (Liu et al, 1995b) . It is clear that the outcome of IVF-embryo transfer is not related to teratozoospermia when fertilization is achieved using ICSI, which bypasses both zona binding and fusion to the oolemma (Oehninger et al, 1995; Sherins et al, 1995; Svalander et al., 1996) . Although the implantation and ongoing pregnancy rates are very low, with a high incidence of early pregnancy loss, ICSI seems to be the only available treatment modality in cases with totally morphologically abnormal spermatozoa (Tasdemir et al., 1997) .
According to Kiipker et al (1998) , severe head defects of the spermatozoa are mainly associated with long-term infertility and failure of fertilization following classical IVF treatment. However, the severity of sperm defects appears to have no predictive value with regard to the success of ICSI. In a comprehensive analysis of 683 microinjection cycles, no difference was found in the fertilization, embryo development, transfer or pregnancy rates in relation to sperm morphology using ejaculated spermatozoa (Nagy et al., 1998) . This is especially important when one considers the standard IVF technique, where according to the majority of reports (see above), the fertilization rate falls if the proportion of spermatozoa with normal morphology as determined by strict criteria, is <14 %, and especially when it is <4 %. An explanation of the unimpaired fertilization rates with ICSI may be the fact that generally the most normal-looking spermatozoon is selected for microinjection. ICSI offers a means to bypass the barriers of the oocyte, which would otherwise be an obstacle for the morphologically abnormal spermatozoon. It was noteworthy in the same analysis (Nagy et al., 1998) that the embryo quality was not affected adversely by the injection of spermatozoa with abnormal morphology, nor the initial pregnancy loss rate. So the authors concluded that the morphological abnormalities of spermatozoa hindering their ability to penetrate the oocyte may not reflect any other genetic abnormality of these gametes apart from their morphology (Rosenbuch et al., 1992; Nagy et al., 1998) .
Although ICSI is the only solution for fertilization in cases with total globozoospermia, this is the only abnormal condition of sperm morphology which gives very poor fertilization rates and poor results after ICSI. A few pregnancies have.been reported after ICSI with round-headed spermatozoa, but the general results after ICSI with acrosomeless spermatozoa are again rather limited (Lundin et al., 1994; Lin et al., 1995; Trokoudes et al., 1995; Tournaye et al, 1998; Liu et al, 1995a) .
Fertilization rates with ICSI are generally poor for patients with only immotile spermatozoa available in the ejaculate (Nijs et al, 1996) . Pregnancies have also been reported after subzonal insemination (Wolf et al, 1993) . The reason why ICSI results are so poor in patients suffering from immotile-cilia syndrome is not clear. Many of the ultrastructural defects may have concomitant defects affecting other microtubular structures such as the sperm centrosome, and deficiencies at this level may be involved in fertilization failure and poor embryonic development after ICSI (Asch et al, 1995; Tournaye et al, 1998) . Tail stump syndrome, which may be associated with primary ciliary dyskinesia, is also associated with morphological defects of the flagellum resulting in severe Adapted from Al-Hasani et al. (1996) asthenozoospermia. Stalf et al. (1995) reported a pregnancy after ICSI of immotile spermatozoa from a patient with tail stump syndrome (Stalf et al., 1995) .
In conclusion, with the exception of globozoospermia and immotile cilia syndrome, neither the type nor the extent of sperm impairment seems to have an important role on the outcome of ICSI, which seems to be the best method of treatment in cases of severe male-factor subfertility.
Relationship between semen morphology and embryo quality in IVF and ICSI
Some studies have compared the fertilization rate, implantation rate and embryo quality of patients with severe teratozoospermia who were treated by IVF, modified IVF using high insemination concentration (HIC) or ICSI. In a study (Al-Hasani et al., 1996) , the impact of sperm morphology and the preparation technique on the quality of embryos obtained by IVF was found to be insignificant (Table III) . Hall et al. (1995) compared the use of HIC-IVF and ICSI for a similar group of teratozoospermic patients who were diagnosed using strict criteria. Although the number of patients receiving a 'pure' transfer of embryos derived either from HIC-IVF or ICSI and the total number of embryos examined were small, they found similar fertilization, implantation and pregnancy rates for HIC-IVF and ICSI (Hall et al., 1995) . They concluded that when concerns of safety are fully allayed and the cost of ICSI can be brought into line with IVF, then ICSI may become the first option for treatment of teratozoospermic patients.
In a retrospective comparative analysis of embryo implantation in patients with severe teratozoospermia treated with either HIC-IVF or ICSI, it was revealed that HIC-IVF resulted in a higher fertilization rate than ICSI in patients with severe teratozoospermia, but that this positive result was offset by a deleterious effect on embryo quality (Oehninger et al., 1996) . This suggested a negative effect on early embryogenesis of putative sperm factors released in the vicinity of the eggs. Embryos produced by ICSI had a significantly higher morphological score and, after uterine transfer, showed a tendency toward superior implantation and pregnancy rates than HIC-derived embryos. Terriou et al. (1997) retrospectively compared the quality of embryos obtained from husbands' teratozoospermic spermatozoa with those obtained from normal donor spermatozoa in order to determine if the poor outcome of IVF-embryo transfer is due to embryo quality. Fertilization rate, transfer rate and number of tranferred embryos per cycle were significantly lower in the teratozoospermic group. Pregnancy rate per cycle was also lower, but not significantly. However, pregnancy rate per transfer, implantation rate per tranferred embryo and take home baby rate were comparable. Interestingly, embryo quality in terms of number of embryos displaying fragmentations or irregular cells, cleavage stages and embryo scores were comparable. This study confirms low pregnancy rate per cycle in IVF-embryo transfer using teratozoospermic semen, but demonstrates for the first time that embryo quality and viability are not impaired. It is proposed that the poor pregnancy rate per cycle obtained is due only to the poor fertilization rate, and to the subsequent limited choice of embryos to be transferred. They concluded that the morphological features of spermatozoa are of importance only for the fertilization step, but should not be considered to be a biomarker for embryo viability after fertilization. Oehninger et al. (1998) investigated the role of the spermatozoon (paternal effect) on implantation and pregnancy outcome in IVF/ICSI, in a retrospective, controlled analysis and revealed a trend toward a poorer implantation and pregnancy outcome with IVF, but not within ICSI treatments, when comparing OAT versus normozoospermic patients. They pointed out the absence of impact of male infertility on implantation or pregnancy outcome. No significant differences were observed in miscarriage rates within any group studied. They speculated that the poorer results observed in OAT patients undergoing IVF could be associated with the release of toxic factors (ROS and/or others), by abnormal spermatozoa due to a high insemination concentration. They concluded that spermatozoa from men with poor sperm parameters do not contribute to poor embryonic development. Toxic factors such as ROS can affect the sperm axoneme as a result of ATP depletion (De Lamirande and Gagnon, 1992) , inhibit mitochondrial functions, and synthesis of DNA, RNA and proteins (Comporti, 1989) , produce cytoskeletal modification (Hindshaw et al., 1986) and inhibit sperm-oocyte fusion (Aitken et al., 1993) . Infertile patients with OAT (except when a high insemination concentration is used) seem to yield embryos with similar implantation and developmental potential to those of infertile and fertile men with normozoospermia. These data give support to and extend the benefits of ICSI as the technique of choice for OAT within the assisted reproduction setting. These results, on the other hand, do not preclude the possibility that specific (known or not yet identified) sperm abnormalities may be responsible for defective embryogenesis.
According to the above studies, once fertilization is achieved, teratozoospermia does not impair embryo quality or viability.
Conclusions
Having reviewed the literature, it seems clear that sperm morphology is an important parameter in the fertilization process in vivo and in vitro as well as the progressive motility of spermatozoa. It can be used as a single and independent predictor for successful fertilization. However, there is no doubt that in the cases of in-vivo fertilization, the total number of available spermatozoa (total count, concentration) is an important parameter, especially when teratozoospermia is involved.
Normal fertilization and pregnancy rates can be obtained with ICSI in the presence of extreme teratozoospermia, suggesting that sperm morphology plays no obvious role once the spermatozoon reaches the cytoplasm of the oocyte, but a pluriamorphous head and mid-piece are ultimately responsible for a low fertilization rate even in the ICSI procedure, showing that this needs more investigation in the future.
Chromatin decondensation disturbance and centrosome anomalies were found to be a reason for fertilization failure after ICSI.
